Tin-chalcogenides SnX (X = Te, Se and S) have been arousing research interest due to their thermoelectric physical properties. The two-dimensional (2D) counterparts, which are expected to enhance the property, nevertheless, have not been fully explored because of many possible structures. Generating variable composition of 2D Sn 1−x X x systems (X = Te, Se and S) has been performed using global searching method based on evolutionary algorithm combining with density functional calculations. A new hexagonal phase named by β -SnX is found by Universal Structure Predictor Evolutionary Xtallography (USPEX), and the structural stability has been further checked by phonon dispersion calculation and the elasticity criteria. The β -SnTe is the most stable among all possible 2D phases of SnTe including those experimentally available phases. Further, β phases of SnSe and SnS are also found energetically close to the most stable phases. High thermoelectronic (TE) performance has been achieved in the β -SnX phases, which have dimensionless figure of merit (ZT) as high as ∼0.96 to 3.81 for SnTe, ∼0.93 to 2.51 for SnSe and ∼1.19 to 3.18 for SnS at temperature ranging from 300 K to 900 K with practically attainable carrier concentration of 5×10 12 cm −2 . The high TE performance is resulted from a high power factor which is attributed to the quantum confinement of 2D materials and the band convergence near Fermi level, as well as low thermal conductivity mainly from both low elastic constants due to weak inter-Sn bonding strength and strong lattice anharmonicity.
I. INTRODUCTION
Group IV-VI alloys have been intensively studied with its many physical properties including ferroelectricity [1] , topological insulator [2] and, in particular, thermoelectricity [3] [4] [5] . Thermoelectric (TE) materials, which directly convert waste heat into electricity, have drawn an attention in the last few decades. The conversion efficiency of TE materials can be evaluated by the dimensionless figure of merit ZT (= σ S 2 κ T , in which σ , S, κ and T represent the electrical conductivity, Seebeck coefficient, thermal conductivity and temperature, respectively). Among the group IV-VI alloys, tin and lead chalcogenides [3] [4] [5] [6] have been attracting increasing interest in thermoelectric community with the structural and electronic structural anisotropy and intrinsic lattice anharmonicity [5, 6] . Lattice anharmonicity helps to suppress thermal conductivity, while anisotropy is related to the confinement effect which has proved to be efficient in improving thermoelectric performance according to Hicks-Dresselhaus theory [7, 8] if the confinement length is smaller than thermal de Broglie length [9] .
With the development of exfoliation and synthesis method, many two-dimensional (2D) van der Waals materials including graphene, black phosphorene (BP), transition metal dichalcogenides (TMDs) and tin chalcogenide (SnX) has been synthesized [10] [11] [12] [13] . The exfoliated semiconducting monolayer BP and SnX have shown much improved thermoelectric performance (ZT ∼ 2.5 [14] and 2.63 [15] at 500K and 700K, respectively) with respect to the bulk counterparts. Therefore, it is reasonable to focus our attention on 2D counterpart of tin chalcogenides, which is promising candidates for highperformance TE materials. So far, there has been few studies on the TE properties of the 2D tin chalcogenides, except for some limited theoretical calculations [15, 16] . Moreover, the 2D forms may exhibit many different structures from the bulk counterpart, especially for the non-layered bulks [17, 18] . Thus, it is naturally curious to investigate theoretically the most stable structure among all the possible forms and explore the potential TE performance.
In this work, using "Universal Structure Predictor Evolutionary Xtallography" USPEX method [19] [20] [21] [22] Fig. 1(a), has been found by using USPEX. The β -SnX have been checked to be thermodynamically stable. Owing to the low lattice thermal conductivity κ l and high σ , as explained in the following section, high thermoelectric performance is achieved in the β -SnX phases. For example, as seen from Fig. 1(b) , ZT of β -SnTe at a carrier concentration around a few 10 12 cm −2 can be obtained up to 2.45 and 3.81 at 600 and 900 K, respectively. The paper is organized as follows. We briefly introduce the computational methods in II. In III we shows the main results of the β -SnX, including the structural stability in III-A, the thermal transport properties in III-B, and thermoelectric properties in III-C. Finally we draw a conclusion in IV.
II. METHOD
The structure search of 2D tin chalcogenides is performed by USPEX [19] [20] [21] [22] combined with Vienna ab initio simulation package (VASP) [23] . In our variable-composition US-PEX calculations, the thickness of 2D crystals is restricted in range of 0-6Å, the total number of atoms is set to be 2-12, while 80 layer groups are chosen for the symmetry in generation of initial 2D structures. Total energy is calculated within the framework of Projector Augmented Wave (PAW) method [24] . Generalized gradient approximation (GGA) [25] is used to treat the electronic exchange correlation interaction. More details on the parameters can be referred to the supplementary information [26] .
Electronic transport properties are calculated by solving the semi-classical Boltzmann transport equation within the constant relaxation time approximation as implemented in the BoltZTraP package [27] . Since there is no experimental data of electrical conductivity available for the new β '-phases to evaluate the relaxation time τ, τ is estimated based on carrier mobility µ, for example, τ = m * µ e , m * is the effective mass of carrier, carrier mobility µ is calculated based on the deformation potential theory [28] [29] [30] [31] [32] [33] . The calculated τ at room temperature varies from a few tens to a few hundred femtoseconds (10 −15 s), which has the same order of magnitude as the calculated values in other 2D materials [34, 35] . More details on how to get the carrier mobility µ and relaxation time τ can be found in the supplementary information [26] . Although the relaxation time of electron depends on the Fermi energy, we adopted the constant relaxation approximation for simplicity. In order to calculate the relaxation time by first principles calculations, we should consider electron-phonon interaction and phonon-phonon interaction for estimating the relaxation time of an electron and a phonon in the same level of approximation, which should be a future problem. Phonon dispersion relation is calculated by Phonopy package [36] . The κ l is evaluated by phonon lifetime, which is self-consistently calculated in the ShengBTE package [37] . The second-order harmonic interatomic force constants (IFCs) are calculated within the Phonopy package, and the third-order anharmonic IFCs are evaluated by using 3×2×1 supercell and up to the fifth-nearest neighbors considered by ShengBTE.
III. RESULTS AND DISCUSSIONS
To understand such a high thermoelectric performance in the β -SnX, we investigate the structural, thermal and electronic transport properties of the β -SnX systems as follows. USPEX. 2D Sn 1−x X x is more stable than the reactant materials only when ∆H is below the zero line. Out of more than 2600 structures generated, we show only those with ∆H lower than 0.5 eV/atom. The two most stable structures of Sn-Te as highlighted in blue and red dots in the convex hull in Fig. 2 (a) are the commonly observed puckered orthorhombic SnTe phase ( Fig.1S (a) in the supplementary) [1] and the new β SnTe phase, respectively. ∆H of the β SnTe is lower by 19 meV/atom than the puckered orthorhombic SnTe phase. The β SnTe has actually been proposed to be a stable semiconductor by Sa [38] and Zhang et al. [39] . Here we substantiate structural stability of the β phase in a convex hull with all possible stoichiometries considered. The β phase of both Sn-Se and Sn-S has also been obtained close to the convex hulls, as shown in red dots in Fig. 2(b,c) . However, the β phase is less stable than the puckered orthorhombic phase [40] , with ∆H slightly higher by 8 meV/atom for SnSe and 42 meV/atom for SnS. Additionally, octahedral 1T phases of both SnSe 2 and SnS 2 , the former of which has been synthesized by experiment [41] , is found to be stable in the convex hull, as shown in purple dots in Fig. 2(b,c) . In the current paper, we will focus only on the β phases.
All the β phases have P3m1 symmetry (space group 164), with the optimized atomic structure and lattice parameters of β -SnX (X = Te, Se, S) shown in Fig. 2(d) and Table I , respectively. From Fig. 2(d) , the β structure can be viewed as a buckled hexagonal lattice of Sn with two X atoms (one up and one down) at the center of hexagon. Or as shown in Fig.1S(b) in supplementary, it can be considered as two stacked β -SnTe monolayers, one of which takes a series of symmetry operations (inversion + glide) to get the second layer, which makes the β phase distinct from and more stable than AB-stacked β -bilayer in which a translation symmetry exists between two β monolayers. The relative stability of the β -SnTe phase over the AB-stacked β -bilayer is analyzed in more details in sup- plementary [26] .
To check the stability of the β -SnTe, we calculated the phonon dispersion relation of the β phase of SnX, as shown in Fig. 3(a) . No imaginary phonon frequencies are found near the Γ point, showing that the β phases are dynamically stable. And the stability is also checked by the elastic parameters in Table I from the standard criteria of elastic stability [42] [43] [44] . In fact, the necessary condition for stable 2D materials is that all elastic constant C i j should be positive [45] , which is satisfied in our β -SnX materials (more details in supplementary [26] ).
B. Thermal transport properties of β -SnX
Thermoelectric properties consist of thermal and electronic transport properties. We first study the thermal transport properties of β -SnX. Since the thermal transport of lattice is related to the mechanical properties, let us discuss the mechanical properties firstly. The Young's modulus of the β -SnX (less than 50 N/m) as shown in Table I are much smaller than other 2D materials like graphene (∼345 N/m) and phosphorene (∼23-92 N/m) [46] . Shear modulus of the β -SnX are found less than 20 N/m. From the phonon dispersion in Fig. 3(a) , we can see anti-crossing of the phonon dispersion between low-frequency optical vibration modes with acoustic phonon modes for the β -SnX. These optical phonon modes correspond to two-fold degenerate in-plane shearing modes and out-of-plane breathing mode. Interestingly, their vibrational frequency are almost independent of materials at around 50 cm −1 at Γ point, which is closely related to their similar and low values of the shear modulus as given in Table I .
In Fig. 3(b) , the calculated κ L is plotted as a function of T for armchair and zigzag directions. For example, κ L of β -SnTe at 300 K along armchair direction is as low as 2.87
that the Umklapp process in the phonon scattering is essential for the temperature range that we studied. In Fig. 3(c) , we show the normalized κ L by cumulative thermal conductivity κ c as a function of frequency ω at room temperature. κ c is the value of κ L when only phonons with mean free paths below a threshold are considered [37] . Over 90% of the κ L is contributed by phonon modes with frequency below 80 cm −1 for SnTe, in which the three acoustic modes and the three lowfrequency optical modes contribute to κ L .
The low lattice thermal conductivity of the β -SnX arises not only from low elastic constants due to weak Sn-Sn bonding strength, but also from strong lattice anharmonicity. In the low-frequency region, Fig.S3 (a) in supplementary shows that the anharmonic scattering dominates the phonon-phonon interactions (PPIs) by comparing the anharmonic three-phonon scattering rates (ASRs) and isotropic scattering rates (ISRs). These ASRs are mainly contributed by phonon absorption process (ASRs+). Among the three β -SnXs, the strongest ASRs are found in SnS, which corresponds to the lowest κ L . It is worth noting that the highest value of ASRs are located between around 50 and 100 cm −1 , where acoustic and three low-frequency optical modes are mixed to one another. Thus we expect that the inter-band scattering between the acoustic and optical modes are associated with the large ASRs. 
C. Thermoelectric properties of β -SnX
Based on the calculated results, we will discuss the thermoelectric properties of β -SnX.
Seebeck coefficient
The calculated structural stability and low thermal conductivity suggest that β -SnX can be considered suitable for thermoelectric applications. To unveil its potential for energy conversion between heat and electricity, we look into the relevant electronic band structure and electrical properties, both of which reinforce its capacity for such an application. In Fig. 4(a) , we show electronic band structures of β -SnXs. Indirect band gaps of β -SnXs exist near the zone center. The value of energy gaps are around 1.0 eV, which are independent of chalcogenide atoms. It is noted that the conduction bands have been upshifted to fit the band gap obtained by hybrid functional calculations [47] , which usually give a more reliable band gap size. According to E g ∼ 10 K B T opt rule [48] , the optimal working temperature for thermoelectric applications of such materials should be around 1000 K.
Thermoelectric properties are closely related to electronic band structure. For all β -SnXs, we found the following features in the electronic bands: (1) Band dispersions of valence band maximum (VBM) and conduction band minimum (CBM) along both ΓK and ΓM directions are quite similar, which corresponds to a similar effective mass along both the zigzag and armchair directions as given in Table II . According to Cutler et al. [49] and Snyder et al. [50] , for a parabolic band within the energy-independent scattering approximation, the Seebeck coefficient takes the form of S =
where m * is the effective mass of the carrier and n is the carrier concentration. From this formula, similar to the effective mass m * , one expects no directional dependence of the Seebeck coefficient, as shown in Fig. 4(b) , in which dashed lines are completely overlapped by solid lines. (2) A usual quadratic dispersion relation appears for the carriers at the CBM, while a quartic band dispersion (E k ∼ k 4 ) is found at the VBM, which usually brings about flat bands near Fermi level. Thus constant electronic density of states (DOS) appears near CBM, while a van-Hove DOS singularity divergence appears near VBM [51] , as shown in Fig.4S in supplementary. Such a difference of DOS between VBM and CBM explains why the effective mass of holes is larger than that of electrons, as is listed in Table II. In Fig. 4(b) and (c), we show Seebeck coefficient and electrical conductivity. For β -SnSe and β -SnS, the Seebeck coefficient of hole carriers is larger than that of electron; while the electrical conductivity σ of hole is smaller than that of electron, which is expected for a parabolic band within energy-independent scattering approximation [50] . However, an opposite trend is found in β -SnTe that Seebeck coefficient of electron is higher than that of hole, which is due to the convergence of conduction band minimum at Γ point with flat band edge at M point. Such type of band convergence is much advantageous for an enhancement of Seebeck coefficient [52] .
Electrical conductivity
In Fig. 4(c) , we plot the calculated electrical conductivity σ as a function of carrier concentration n for zigzag and armchair directions. Decent electrical conductivity σ as high as a few 10 6 S/m at room temperature is obtained for the three β -SnXs. Differences of σ for different materials along different directions can be understood from the carrier mobility µ and the effective mass m * as is listed in Table II. From Table II , we can point out that (1) the effective mass m * depends not on crystal direction, but on carrier type, for example, m * h > m * e ; (2) carrier mobility µ along the zigzag direction is larger than that along the armchair direction, due to a smaller deformation potential along the zigzag direction than the armchair direction. All these features lead to a preference of zigzag over armchair direction and electron over hole carrier for optimal electrical conductivity σ , which is indicated by the comparison between solid (zigzag) and dashed (armchair) lines as is shown in Fig. 4(c) . Moreover, σ decreases with increasing temperature, which is associated with the intrinsic phonon scattering mechanism. The electrical thermal conductivity κ e is also calculated based on the Boltzmann transport theory, as given in Fig.5S , and fits the Wiedemann-Franz law in combination with σ .
Power factor and figure of merit
With Seebeck coefficient, electrical conductivity and thermal conductivity available, we finally evaluate power factor (PF) and dimensionless figure of merit (ZT). In Fig. 5(a) and (b), we plot the dependence of carrier type, crystalline direction and temperature for PF and ZT. The optimal PF and ZT are shown in Fig. 5(c,d) . As seen from Fig. 5(a) , PF remains as high as 0.01 WK −2 m −1 or above in a wide range of temperature at carrier concentration from 10 12 to 10 13 cm −2 . Because of the high PF and relatively low κ, it is no surprise to observe quite promising value of ZT in β -SnX. From Fig. 5(b) , all ZT of β -SnX show above 1.0 at 900 K in the interested doping range (|n| < 8 × 10 13 cm −2 ). ZT of β -SnTe can even go above 2.0 at 600K, which makes the material very competitive against the present commercialized thermoelectric materials. From Fig. 5(a, b) , both PF and ZT are larger for hole than for electron in β -SnS and β -SnSe, mainly due to the smaller Seebeck coefficient of electron than hole. As for β -SnTe, we get a better thermoelectric performance of electron than hole, which is due to a large S and PF from the concept of 'band convergence' [52, 53] at CBM concurrent with decent electrical conductivity from the smaller effective mass of electron than that of hole. In Ref. [52] , the dependence of optimal PF opt on ∆E for a generic systems with band convergence is given quantitatively within two-band model, with ∆E defined as valley splitting energy. PF opt decreases exponentially with increasing ∆E within a few k B T. In our case, ∆E is the energy difference of the CBMs between the K and M points in Fig. 4(a) , ∆E is 0.15, 0.36 and 0.28 eV for β SnTe, SnSe and SnS, respectively, which explains why a much bigger PF opt of the n-type β SnTe is obtained than that of the n-type β SnSe and SnS.
In Fig. 5(c,d) , we show the optimal values of PF and ZT for two types of carriers along armchair and zigzag directions at T = 300, 600 and 900 K. It is more clear to see in Fig. 5(a,b) that n-type β -SnTe has a much better thermoelectric performance than β -SnS and β -SnSe, while p-type β -SnX shows very decent performance but no obvious difference of PF and ZT from SnS to SnTe.
It should be pointed out that we expect some discrepancy between theoretical and experimental values. For our estimation, there are following reasons for discrepancy: 1) the constant relaxation time approximation was used for electronic transport properties, where the real relaxation time may vary with the carrier concentration; 2) only isotopic and threephonon scattering was considered here for κ L . The constant relaxation time approximation may overestimate the σ . However, κ L may also be overestimated without considering enough scattering rates coming from the impurity, defect, grain boundary and dislocation and so on. Considering that the two parameters κ L and σ are both overestimated, the deviation of TE performance may be alleviated in part by the two effects. Therefore, our estimated TE performance may give a reasonable agreement with the experimental values.
Finally due to confinement effect for 2D system [7, 8] , it is important to evaluate the PF enhancement factor f E [9] , which is defined as f E = ( 2) is the dimension. Here we consider the PF enhancement from 3D to 2D. L is taken from the interlayer distance in 3D counterparts. Values of Λ, L and F E for β -SnX are given in Table III in supplementary. Take ntype β -SnTe as an example, we find that Λ ∼ 11.35 nm, L ∼ 0.82 nm, which makes f E ∼ 13.76, about one order of magnitude from 3D to 2D, revealing that thermoelectric behavior of β -SnX in 2D form is much enhanced upon its 3D counterpart.
In summary, for the new β phase of SnX, the decent thermoelectric properties beyond traditional thermoelectric materials occur because of the following reasons: (1) The low dimensional structure with high elastic and dynamic stability, which shows substantial enhancement of power factor upon the bulk phase due to the larger thermal de Broglie length Λ. (2) The low shear modulus within the layer giving rise to an ultralow frequency of the shearing mode which can couple very effectively with the acoustic phonon mode to greatly suppress the lattice thermal conductivity. (3) The convergence of electronic bands at the valence and conduction band edges. All the above factors appear concurrently and coherently to lead to the good thermoelectric performance.
IV. CONCLUSION
In this paper, we found new-phase SnX (β phase) which is suitable for thermoelectric application by combining ab initio density functional theory with genetic algorithm and semiclassical Boltzmann transport theory. The β phase is either the most stable phase (β -SnTe), or close to the most stable phases (such as orthorhombic phase of SnSe and SnS) which are experimentally observed. Phonon dispersion relation calculation and elasticity criteria are used to confirm the structural stability. A low lattice thermal conductivity is obtained for β -SnX, mainly because of hybridization acoustic phonon modes with low-frequency inter-layer shearing vibration modes. A decent value of power factor (∼ 0.01 Wm −1 K −2 ) is also observed from our calculations, which is ascribed to band convergence at CBM and quartic electronic band dispersion at VBM. A competitive dimensionless figure of merit can be obtainable in β -SnX within practical doping of a few 10 12 cm −2 , in particular, ZT over 2.5 can be reached in β -SnTe at 900 K. Thermoelectric performance of β -SnX can be further optimized with transport along zigzag crystalline direction. Our theoretical study deems to facilitate discovering new phase for optimizing thermoelectric performance by experiment.
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